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Abstract—In our previous research, we developed space robot teleop-
eration technology to achieve control from the ground of effective manual
manipulations in orbit. To solve the communication time delay in the space
robot teleoperation, we propose a mixed force and motion command-based
space robot teleoperation system that is amodel-based teleoperation.More-
over, we have also developed a compact 6-degree-of-freedom haptic inter-
face as a master device. The important features of our teleoperation system
are its robustness against modeling errors and its ability to realize the force
exerted by the operator at the remote site. In this paper, we introduce a new
control method, which modified our model-based teleoperation system, to
control the real robotic system Engineering Test Satellite VII manipulator.
Surface-tracking and peg-in-hole tasks have been performed to confirm the
effectiveness of our system. The experimental results obtained with our
system including the haptic interface demonstrate its ability to perform
these tasks in space without any major problems. We also evaluated dif-
ferent master device approaches for the model-based space teleoperation
Manuscript received October 22, 2002; revised April 1, 2003. This paper was
recommended for publication by Associate Editor Y. Liu and Editor I. Walker
upon evaluation of the reviewers’ comments.
W.K. Yoon is with the Intelligent Systems Institute, National Institute of Ad-
vanced Industrial Science and Technology (AIST), Tsukuba 305-8568, Japan
(e-mail: wk.yoon@aist.go.jp).
T. Goshozono and T. Doi are with Toshiba Corporation, Tokyo 105-8001,
Japan.
H. Kawabe and M. Uchiyama are with the Department of Aerospace
Engineering, Tohoku University, Sendai 980-8579, Japan (e-mail:
kawabe@space.mech.tohoku.ac.jp; uchiyama@space.mech.tohoku.ac.jp).
M. Kinami is with NS Solutions Corporation, Tokyo 104-8280, Japan.
Y. Tsumaki is with the Department of Intelligent Machines and System
Engineering, Hirosaki University, Hirosaki 036-8561, Japan (e-mail:
tsumaki@cc.hirosaki-u.ac.jp).
M. Oda is with the Japan Aerospace Exploration Agency, Tsukuba 305-8505,
Japan (e-mail: oda.mitsushige@nasda.go.jp).
Digital Object Identifier 10.1109/TRA.2004.824700
system. For this purpose, we used two methods, which are a master–slave
(MS) approach and a force-joystick approach. Our results show that the
MS approach is the best control method for contact tasks in which the di-
rections of motion of the slave arm and of the operator’s input force are
different, as in the surface-tracking task.
Index Terms—Engineering Test Satellite VII (ETS-VII) manipulator,
force feedback, force-joystick (FJ), haptic interface, master–slave (MS),
model-based teleoperation, modeling error.
I. INTRODUCTION
The International Space Station (ISS) is being constructed at present
by many countries. Extra vehicular activity (EVA), in which an astro-
naut works in space, is necessary to construct such a space structure.
However, the cost of launching astronauts in space is very high, and
EVA presents many dangers. Thus, there is a demand for developing
an autonomous space robot to work in space in the place of astronauts.
However, it is difficult to develop a perfect autonomous space robot
with the present robot technology. For this reason, the technology in
which an operator on the ground teleoperates a semiautonomous space
robot becomes important. The development of such a technology is es-
pecially important in Japan, which does not have, at the moment, the
technology to launch astronauts in space by itself. In this context, the
National Space Development Agency (NASDA) of Japan launched the
Engineering Test Satellite VII (ETS-VII) in 1997 [1], [2]. The aim of
the ETS-VII is the development of rendezvous docking and space robot
technologies. Therefore, the 6-degree-of-freedom (DOF) manipulator
and experiment equipment that can be operated by remote control from
the ground is carried in the ETS-VII, and various experiments were
conducted [3]–[6]. Several sensors and other equipment for the ren-
dezvous docking are also carried in the satellite. Moreover, various real
space robotic projects like the manipulator flight demonstration (MFD)
have been conducted [7]. The Japanese experiment module (JEM),
which is a part of the ISS, consists of four components, one of them
being the JEM remote manipulator system (JEMRMS). The JEMRMS
that is operated by the astronaut in the ISS will be used for experiments
being conducted on the JEM or for supporting JEMmaintenance tasks.
In Germany, the space robot technology experiment (ROTEX) also has
been conducted [8].
Communication time delay is one of the biggest problems encoun-
tered by teleoperation of a space robot from the ground. It is thought
generally that a master-slave (MS) approach, where the position and
force information of the slave system can be displayed to an operator,
is an effective method of teleoperation. Until now, however, the MS
approach has not been used in a space teleoperation system [7], [8],
because the bilateral system generally becomes unstable due to the
inherent communication time delay. This has made it impossible for
the operator to definitely “feel” the force information in the few stable
bilateral systems tested so far [9]–[11]. A model-based teleoperation
system has been proposed [12], [13] to solve this problem, and a predic-
tive display using virtual-reality techniques was also introduced [14].
In this system, the operator teleoperates the virtual model of both the
space robot and the environment equipment. This virtual model is cal-
culated by a ground-based computer. Therefore, the virtual model is the
result of real-time simulation on the ground. The force and position in-
formation for the master arm are also calculated in the virtual world on
the ground-based computer and can be stably and clearly displayed to
an operator. In the space shuttle, where no time delay exists, a joystick
that cannot display the force information is used as the master device.
The joystick has been used in many space teleoperation projects like
the ETS-VII and is also intended to be used in the ISS [2], [15], [16].
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The virtual world model as it is used in the above system, how-
ever, does not match exactly the real world. Precise model-matching
methods have also been proposed [17], [18], however, it is impossible
to completely remove modeling errors between the virtual and the real
world.
Therefore, in our previous work, we have proposed a mixed force
and motion command-based space robot teleoperation system that is
robust against modeling errors [19]. It is a control method adding the
error-robust character of its modeling to a control using both target
force and target movement. Furthermore, we have also developed a new
and a compact 6-DOF haptic interface to be used as a master arm [20].
The features of this haptic interface are a wide workspace and rapid
motion ability. The haptic interface can display the force to the operator.
Our teleoperation system and the haptic interface are connected via
Ethernet. Therefore, they have a high potential for expandability, and
they can be connected to other systems easily.
One feature of our method is that the tip velocity commands are gen-
erated by the forces exerted by the operator on the master device, by the
motion information of the virtual arm [19]. The virtual arm shows sim-
ulation results which are calculated by the ground-based computer. The
system also incorporates an automatic function to change between con-
tact and noncontact modes. However, we are unable to manipulate the
ETS-VII manipulator using velocity control, and to change the control
modes between contact and noncontact for this manipulator. We should
control this arm using the end-tip position only. Therefore, our teleop-
eration system cannot be used with the ETS-VII robot arm directly.
In this paper, we introduce a new control method that modifies our
model-based teleoperation system. In our new system, the master and
the virtual arms are controlled by the end-tip velocity. The slave arm
on the ETS-VII is controlled by the end-tip position. The slave arm is
also manipulated under compliance control. With the above modifica-
tions, our new system can retain the two important features that are its
robustness against modeling errors, and its ability to realize the force
exerted by the operator at the remote site.
In our experiments, surface-tracking and peg-in-hole tasks with and
without artificially introduced modeling errors are performed in orbit.
The effectiveness of our space teleoperation system is verified by car-
rying out the above tasks in a real space robotic system. The exper-
imental results demonstrate that the surface-tracking task was carried
out safely with and without artificially introduced modeling errors. The
peg-in-hole task could also be carried out successfully though the op-
eration with artificially introduced modeling errors became very com-
plicated. We believe, therefore, that our teleoperation system can be
applied easily to real space robotics, and that our system does have
some level of robustness against modeling errors.
During the planning stage of the ETS-VII, a comparison between
the joystick and the MS approaches was conducted, which included
qualitative evaluations using a questionnaire submitted to the operators.
We must, therefore, reevaluate the above controls quantitatively.
In this paper, the operability of the MS and the force-joystick (FJ)
approaches is evaluated for the model-based space robotic teleoper-
ation. Here, the FJ approach is a type of joystick approach using a
force/torque sensor which may be better than the normal joystick ap-
proach, since the operator-exerted forces on the master device can be-
come commands to the slave arm [21]. Thus, we perform the surface-
tracking and the peg-in-hole tasks in order to evaluate the operability
of the MS and FJ modes without artificially introduced modeling er-
rors. From these results, we conclude that the MS mode appears to be
the best control approach for contact tasks requiring different direc-
tions between the motion and the force of the slave arm, as in the sur-
face-tracking task. Moreover, the MS and FJ modes are both suitable
for tasks requiring the same directions for the motion and the force of
the slave arm, as in the peg-in-hole task.
Fig. 1. Overview of the system.
Fig. 2. Satellite-based slave system.
II. EXPERIMENTAL SYSTEM
A. System Equipment
This experimental system consists of the space and the ground sys-
tems. An overview of the system is shown in Fig. 1. The space system
is composed of the ETS-VII owned by NASDA and of the Tracking and
Data Relay Satellite (TDRS) owned by the National Aeronautics and
Space Administration (NASA). The equipment on the ETS-VII sur-
face is shown in Fig. 2. B is the arm-based coordinate system. The
ground system is composed of the NASDA satellite-operation system
and of the operator-support system that was developed in our labora-
tory and is shown in Fig. 3. The operator-support system consists of
a mixed force and motion command-based space robot teleoperation
system and of a master controller that is a 6-DOF compact haptic inter-
face. The command, which is generated in the operator-support system,
is sent to the ETS-VII via the NASDA satellite-operation system and
TDRS. The communication time delay in this communication loop is
about 6 s. This time delay causes delay between the master arm and the
slave arm. There is no time delay between the master arm and the vir-
tual arm. This time delay is caused mainly by the total communication
times between enormous computers on the ground. These computers
are connected via a submarine cable between Japan and USA. This
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Fig. 3. Operator-support system.
time delay changes with the communication network load. To prevent
any change in time delay, it is kept constant by buffering transceiver
data beyond the time delay in the NASDA satellite-operation system.
The main components of this experimental system are as follows.
• Task board (TB)
The TB, in Fig. 2, is mounted on the ETS-VII, and it car-
ries various experimental equipment such as the surface-tracking
board and the hole for peg-in-hole tasks, which are both used in
this experiment. The shape of the surface-tracking board is that
of a sinusoidal wave.
• Slave system
The robotic arm mounted on the ETS-VII shown in Fig. 2 is
a 6-DOF manipulator used as a slave arm [2]. Its overall length
is about 2.4 m. The TB handling tool (TBTL) is attached to the
tip of the manipulator, and an 18-mm diameter peg is installed at
the tip of this handling tool. The experiments are performed using
this peg and the TB. Two cameras are also attached at the end and
at the first joint of this manipulator.
• Graphics computer
An OCTANE SSI, manufactured by SGI (Mountain View,
CA), is used as graphics computer, which displays the following
information:
— virtual models of the slave arm (virtual arm) in solid
graphics;
— virtual model of TB (virtual TB) in the solid graphics;
— reference tip position of the slave arm, which is sent to the
ETS-VII, in the wire-frame model;
— numerical values of the tip positions and of the tip forces of
the virtual arm;
— graphical user interface (GUI) for inputting control com-
mands and parameters.
A real image of this display is shown in Fig. 4. The reason for
using the solid and the wire-frame models is given in detail in
Section II-B. The concepts of virtual beam and virtual grip are
used in these graphics for operator support [22], [23]. The oper-
ator can control the movement of the viewpoint and the scaling
of the virtual model in these graphics.
• Master arm
A compact 6-DOF haptic interface, shown in Fig. 5, is used as a
common master device [20]. This means that the haptic interface
is used as a master arm for both the MS and the FJ approaches.
It comprises a small six-axis force/torque sensor to compensate
for the nonbackdrivability of the high-ratio reduction gears. The
master arm, the virtual arm, and the slave arm are commanded by
the data of this force/torque sensor, which control the movements
of the viewpoint in the virtual model, as well.
— MS approach
Fig. 4. Three-dimensional (3-D) graphics and GUI.
Fig. 5. 6-DOF haptic interface.
The motions of both the virtual arm and the master arm
(haptic interface device) are simulated exactly. Therefore, the
operator can feel the force and the motion information of
the slave arm through the master arm. If there are modeling
errors, the motion of the master arm is different from that of
the slave arm.
— FJ approach
The FJ approach is a type of joystick approach using a
force/torque sensor [21]. The master arm (haptic interface)
is not moved at all, and only the force/torque sensor data are
used to create the commands. The operator-exerted forces on
themaster arm can generate the commands to the virtual arm.
It is thought generally that theMS approach, where the position
and force information of the slave arm can be displayed to an op-
erator, is an effective method of teleoperation. Until now, the MS
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approach has not been used in a space teleoperation system [7],
[8], because the bilateral system generally becomes unstable due
to the inherent communication time delay. Amodel-based teleop-
eration system has been proposed [12], [13] to solve this problem,
and a predictive display using virtual-reality techniques was also
introduced [14]. The FJ approach may be better than the normal
joystick approach, since the operator-exerted forces on the master
arm can become commands to the slave arm [21]. Then, in this
paper, the operability of the MS and the FJ approaches is eval-
uated for the model-based space robotic teleoperation, and we
estimate the possibility of the MS approach in the model-based
space robot teleoperation.
• Main computer (VxWorks target computer)
This computer controls the master arm, the virtual arm, and the
slave arm. The communication to NASDA operating equipment
is also done by this computer.
• Monitoring camera
Two camera pictures of the slave arm are displayed on these
monitors. Monitors 1 and 2 show images from the end-tip camera
and from the first-joint camera of the slave arm, respectively, as
shown in Figs. 2 and 3.
• Telemetry terminal display
The numerical values of the positions and of the forces of the
slave arm are displayed at this terminal.
• Software development computer (VxWorks host computer)
The software used on the main computer is developed in this
computer.
B. Control Methods
The main feature of our mixed force and motion command-based
space robot teleoperation system is that the tip velocity commands are
generated by the forces exerted by the operator on the master device, by
the motion information of the virtual arm [19]. The system also incor-
porates an automatic function to change between contact and noncon-
tact modes. For the manipulator on the ETS-VII, we cannot manipulate
the velocity control and change the control modes between contact and
noncontact. We should control this arm using the end-tip position only.
Thus, in this experiment, the master and the virtual arms are controlled
by the end-tip velocity, and the slave arm on the ETS-VII is controlled
by the end-tip position. The slave arm is also manipulated under com-
pliance control. With these control methods, the important features of
our system, which are its robustness against modeling errors and its
ability to realize the force exerted by the operator at the remote site,
can be retained.
Here, the stiffness gains of the slave arm are 20 kg and 40 kgm2=rad.
The inertia gains are 2795 Ns/m and 2262 Nms/rad. The viscous gains
are 200 N/m and 20 Nm/rad. We control translation only while ori-
entation is fixed to that of the initial state. The maximum velocities at
the tip of the master, the virtual arms and the reference position of the
slave arm are set to 2.0 mm/s on the ground. However, the maximum
velocity of the manipulator on the ETS-VII is set to 50.0 mm/s in the
space system computer. These velocity limits are decided by NASDA
for safety.
Transitions between contact and noncontact for the master and vir-
tual arms depend only on specific conditions and the virtual environ-
ment. The slave arm is moved under compliance control. The max-
imum velocities of all these arms are set on the ground and the ETS-VII.
Therefore, transitions between contact and noncontact of all arms will
become stable.
The control methods of all these arms are as follows.
• Master arm
— MS mode
• Contact
_xm = kf (fref   fva) (1)
• Noncontact
_xm = kvfref (2)
fref = fm + kd( _xva   _xm) + kp(xva   xm) (3)
— FJ mode
_xm = kfj(xfj   xm) (4)
• Virtual arm
— MS and FJ modes
• Contact
_xva = kf (fm   fva) (5)
• Noncontact
_xva = kvfm (6)
• Slave arm
fsa =msae+ csa _e+ ksae (7)
e =xs   xsa (8)
xs =xva +
fm
ksa
(9)
where the various terms of these equations have the followingmeaning:
xm, xva tip position of the master and of the virtual arms, re-
spectively;
xs, xsa reference tip position and tip position of the slave arm,
respectively;
xfj position bound on the master arm;
_xm, _xva reference tip velocities of the master and of the virtual
arms, respectively;
fm force/torque sensor data of the master arm;
fva virtual refraction/reaction force;
fref position restraint force for the certification of the
master arm backdrivability;
fsa force/torque sensor data of the slave arm;
kv , kf velocity and force gains, respectively;
kfj restraint gains of the master arm;
kp, kd position and damping gains for fref , respectively;
ksa,msa, csa stiffness, inertia, and viscous gains of the slave arm,
respectively.
The block diagram of this system is shown in Fig. 6. Using (1)–(6),
the master and the virtual arms are controlled by the operator’s force.
The force and motion information of the slave arm is not used in these
controls. Then the virtual arm shows a predictive motion of the slave
arm. The master and virtual arms is calculated in the ground-based
computer only. There is no time delay between the master and the vir-
tual arms. Therefore, the motion of both the master and the virtual arms
are exactly simulated, hence, the operator can feel the tip movement of
the virtual arm through the master arm. The change of modes between
contact and noncontact is carried out automatically, achieving contact
in the virtual world.
In general, a bilateral control is unstable under the communication
time delay. In our model-based teleoperation system, however, all cal-
culations and simulations are performed on the ground-based com-
puter, and a feedfoward control is applied to the slave arm in our system.
Thus, there is no time delay between the master arm and the virtual
arm and time delay between the master arm and the slave arm. Then
our system will be stable against the time delay.
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Fig. 6. Control block diagram of the system.
Fig. 7. Movement of the slave arm in a contact task.
The reference position of the slave arm (xs) is calculated by the tip
position of the virtual arm (xva), the force/torque sensor data of the
master arm (fm), and stiffness gain of the slave arm (ksa) in (9).
Using (9), the slave arm can exert a force equal to the reference force
(fm) if there are no modeling errors, since the slave arm is controlled
in the compliance mode, as shown in Fig. 7. If there are modeling er-
rors (x), the normal model-based teleoperation cannot be executed.
However, in our model-based teleoperation system, the slave arm can
compensate for the modeling errors without generating large forces.
For example, in Fig. 7(a), the force of the slave arm (fs) is given by
fs = fm   xksa: (10)
In Fig. 7(b), the force of the slave arm (fs) is given by
fs = fm + xksa: (11)
Using the above equations, in a noncontact task, the current position
of the slave arm (solid model) is the same as that of the reference (wire-
frame model). In a contact task, the current position of the slave arm
(solidmodel) is different from that of the reference (wire-framemodel).
In order to distinguish between these positions, two types of graphics,
the solid and the wire-frame models are required, as shown in Fig. 4.
Generally, the force that the operator inputs is unstable.One could
expect the movement of the slave arm to become unstable when using
the original force of the operator. However, it is not affected, since the
tip-speed limitation of the reference position is 2.0 mm/s, and the sam-
pling frequency of the input force from the operator is 2 Hz.
III. DETAILS OF THE EXPERIMENTS
The safety, effectiveness, and robustness against modeling errors of
our teleoperation system and the operability in the MS and FJ modes
of the model-based teleoperation system are evaluated in the following
experiments.
In these experiments, we use the virtual model with and without ar-
tificially introduced modeling errors. The virtual model without artifi-
cially introduced modeling errors includes small modeling errors as it
has been developed by the NASDA’s experimental data and the draft of
the ETS-VII. The virtual model with artificially introduced modeling
errors includes a large modeling error compared with the virtual model
without artificially introduced modeling errors. Moreover, all virtual
models include dynamic modeling errors. The contents of the experi-
ments are given below.
• Surface-tracking task
The surface-tracking task is carried out using the peg at the tip of
the TBTL and the surface-tracking board shown in Fig. 2.The length
of the surface-tracking board is about 300 mm. At first, an operator
applies a pressure on the peg of up to  20 N along the z direction
while keeping it on the surface-tracking board. Once the operator
has made contact with the peg, he/she checks the value of the force
on the telemetry monitor and tracks the surface while maintaining
this force. The details of the surface-tracking task are as follows.
— Experiment 1-1
The operator performs this task with the virtual model
without artificially introduced modeling errors. This model
is named “virtual model-1.”
— Experiment 1-2
The operator performs this task with the virtual model
with artificially introduced modeling errors of +10 mm in
both the x and the z directions. This model is named “virtual
model-2.”
In experiment 1-2, the operator already knows the value of artifi-
cially introduced modeling errors before executing the task.
• Peg-in-hole task
The peg-in-hole task is also carried out using the setup shown in
Fig. 2. The peg and the hole diameters are 18.0 and 18.4mm, respec-
tively. The start position is +10 mm in the x direction,  18 mm in
the y direction, and +21 mm in the z direction, measured from the
center of the hole, respectively. The details of the peg-in-hole task
are as follows.
— Experiment 2-1
The operator performs this task with the same virtual
model-1 as in Experiment 1-1.
— Experiment 2-2
The operator performs this task with the virtual model
having artificially introduced modeling errors of +5 mm in
the x direction and +10 mm in the z direction, respectively.
This model is named “virtual model-3.”
In Experiment 2-2, the operator knows that artificial modeling
errors have been introduced, but does not know the scale of these
errors before executing the experiment.
One master arm and four displays, shown in Fig. 3, are set up in the
operator-support system. Themotion area of the slave arm is very small
in this experiment. The parts of the slave arm do not collide with the
experiment equipment on the ETS-VII. Therefore, it is not necessary
for the operator to check monitor 2, thus, he/she teleoperates with one
master arm and three displays. The visual information seen by the op-
erator is described as follows:
• 1 : Virtual arm and the virtual TB at the graphics display;
• 2 : Numerical information of the virtual-arm tip position at the
graphics display;
• 3 : Numerical information of the virtual-arm tip force at the
graphics display;
• 4 : Numerical information of the slave-arm tip position at the
telemetry monitor;
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Fig. 8. Surface-tracking task without artificially introduced modeling errors.
Fig. 9. Surface-tracking task with artificially introduced modeling errors.
• 5 : Numerical information of the slave-arm tip force at the
telemetry monitor;
• 6 : Picture of the end-tip camera of the slave arm at camera mon-
itor 1.
To confirm the information used by the operator during the experi-
ments, we recorded the operator’s visual activity with the video camera.
The above tasks were performed once for each mode by only one
operator because we were required to use the real space robot of the
ETS-VII, and experimental time is limited.
IV. RESULTS OF THE EXPERIMENTS
A. Surface Tracking
The results of Experiments 1-1 and 1-2 are shown in Figs. 8–11,
respectively. These experiments were executed in the MS mode. The
results of Experiment 1-1 executed using the FJ mode are shown in
Fig. 12. We can observe geometry modeling errors of a few millime-
ters in the peg trajectory in Fig. 8. We can also observe the effects of
artificially introduced modeling errors on the peg trajectory in Fig. 9.
When the operator applies a pressure on the peg up to  20 N along
the z direction, the difference between the reference position and the
virtual arm is 100 mm in the z direction. The force creating a devia-
tion, due to the modeling errors of +10 mm in the z direction, is 2 N
in Fig. 9.
In each experiment, movements in only one direction are studied
because the available experimental time is limited. The start and the
end points are different in Figs. 10–12. However, the difference in
start points does not affect the operator sensations, since the operator
changes viewpoint in the virtual model and always pulls the master arm
from a far point toward his/her breast.
The value of the force of the operator on the master arm is zero for
some time in these figures. This corresponds to the operator changing
the viewpoint of the virtual world. In our teleoperation system, the
master arm is used for slave-arm manipulation and for the viewpoint
manipulation. Therefore, we set fm = 0 in (3), (5), (6), and (9) while
the operator is changing the viewpoint. During this time, the reference
position of the slave arm keeps a constant value.
First, we will discuss the effectiveness of our space teleoperation
system.
In Figs. 10 and 11, the x and the z positions of the virtual and the
slave arms deviate a little when moving up the surface and much more
when moving down. The reasons for this situation are the shape of
the surface-tracking board, the relative positions of the corresponding
arms, the velocity limits of the two arms and a frictional force of the
dynamics modeling errors ignored in the virtual model. The peg po-
sitions of the virtual and the slave arms, and the reference position of
the slave arm, are shown in Fig. 13. While moving up the surface, all
these armsmove at 2.0 mm/s.While changing the viewpoint, the virtual
arm and the reference position of the slave arm are locked. The slave
arm, however, keeps moving toward the reference position. Therefore,
the slave arm passes by the current position of the virtual arm. While
moving down the surface, the frictional force against the slave arm is
very small because the reaction force of the slave arm is small, hence,
the actual force working to create the motion of the slave arm becomes
large. Therefore, the slave arm can move at a velocity over 2.0 mm/s
because its limit is set at 50.0 mm/s in the ETS-VII computer. However,
the virtual arm’s motion is limited to 2.0 mm/s. Therefore, the virtual
arm remains at 2.0 mm/s. As a result, the error of position between the
slave and the virtual arms increases during this part of the motion.
In Figs. 10 and 11, the x direction force of the slave arm is very
different from that of the master arm. This situation is due to psycho-
logical effects on the operator, the shape of the surface-tracking board,
and the velocity limit of both the master arm and the reference posi-
tion for the slave arm. We will first describe the master arm in detail.
Before starting the surface-tracking task, both the slave and the virtual
arms stop while the master arm is exerting a force of 20 N against the
surface in the z direction. When the surface-tracking task starts, the op-
erator exerts a large force in the x direction to move both arms. There-
fore, the master arm generates a large reaction force. The same situa-
tion occurs after changing viewpoint. The operator maintains a large
force during this task because the velocity limit of the master arm is
very small. The master arm is pressed in the x direction only, since the
operator should keep the direction of the force constant for moving the
master and the slave arms in the positive x direction. We will now de-
scribe the slave arm using Fig. 13. While moving up the surface, the
right side of the slave arm’s peg is in contact with the surface, whereas,
it changes to the left side when it moves down the surface. Therefore,
the sign of the slave arm’s force in the x direction changes when the
motion along the surface changes from the upward to downward.
In Fig. 10, the master and the slave arm reach the target force, which
is 20 N. In Fig. 11, the master arm always exerts a force of 20 N in
the z direction. The slave arms reaches 20 N in the z direction while
moving up the surface. However, this force decreases while moving
down the surface. This is why the slave arm continues to move down
the surface.
These results show that this task could be performed successfully
without generating any large forces that could disturb the execution of
Experiments 1-1 and 1-2. Therefore, we can confirm the effectiveness
and robustness against modeling errors of our teleoperation system for
the surface-tracking task.
We will discuss now the operability of the MS and FJ modes.
In the MS and FJ modes, the control commands are generated from
the force/torque data of the master arm. Here, we compare the forces
of the master and slave arms in the MS and FJ modes. The profiles of
both the virtual arm’s position and the slave arm’s position are almost
coincident in the two modes, as shown in Figs. 10 and 12. The profiles
of the slave arm’s forces are also similar in both modes. The standard
deviations for the z direction force of both the master arm and the slave
arm in the experiment are shown in Fig. 14. The standard deviations
of the master arm are clearly smaller in the MS mode than in the FJ
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Fig. 10. Surface-tracking task without artificially introduced modeling errors in the MS mode.
Fig. 11. Surface-tracking task with artificially introduced modeling errors in the MS mode.
Fig. 12. Surface-tracking task without artificially introduced modeling errors in the FJ mode.
mode. The standard deviations of the slave arm are a little smaller in
theMSmode than in the FJ mode. Table I gives the number of times the
operator used visual information and his/her information acquisition
time (in seconds) for both modes. In the surface-tracking experiment,
the operator does not use information 2 and 4 . We believe that the
reasons for this are that the operators do not need information2 , since
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Fig. 13. Relation to the virtual arm, the slave arm, and the reference position of the slave arm.
Fig. 14. Average standard deviations for the z direction force in the
surface-tracking task.
TABLE I
VISUAL INFORMATION USED DURING SURFACE-TRACKING TASK
the position of the virtual arm is displayed on the graphics, and that the
operator can not recognize intuitively the position of the slave arm from
information 4 . In the following discussion, the results of these two
information are omitted. Information 1 is the most used information
in the MS and FJ modes. However, in the FJ mode, information 2
is used as much as information 1 . According to Table I, the number
of times the operator acquired information from 1 and 3 is larger
in the FJ mode than in the MS mode. However, the acquisition times
in both modes are almost equal. Therefore, we conclude that in the
FJ mode, the operator teleoperated while quickly changing from one
visual information to the other.
We describe now the motion and the force directions of both the
master and the slave arms in the surface-tracking task. Fig. 13 shows the
motion of the slave arm and the input force direction. While moving up
the surface, the operator should pull the slave arm up in the z direction
and exert the force along the negative z direction at the same time. We
describe the details in each mode as follows.
• MS mode
The operator can get information about both the direction of
the slave arm and the direction of the force exerted by the master
arm.Therefore, he/she can easily adjust the input force direction.
• FJ mode
The operator cannot get information about the direction ofmotion
of the slave arm through the master arm. Therefore, the standard
Fig. 15. Peg-in-hole task without artificially introduced modeling errors.
Fig. 16. Peg-in-hole task with artificially introduced modeling errors.
deviation of the master arm’s force becomes larger than that in the
MS mode.
From these results, we could conclude that the MS mode is suitable
for contact tasks in which the direction of motion of the slave arm is
different from that of the operator’s input force command.
B. Peg-In-Hole
The results of Experiments 2-1 and 2-2 are shown in Figs. 15–18, re-
spectively. These experiments are executed in theMSmode. The results
of Experiment 2-1 executed using the FJ mode are shown in Fig. 19.
We can observe a few millimeters of geometry modeling errors in the
peg trajectory in Fig. 15. We can observe the presence of artificially
introduced modeling errors in the peg trajectory in Fig. 16.
First, we will discuss the effectiveness of our space teleoperation
system.
In Experiment 2-1, the position of the virtual arm is the same as that
of the slave arm; the slave arm does not generate a large force, as shown
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Fig. 17. Peg-in-hole task without artificially introduced modeling errors in the MS mode.
Fig. 18. Peg-in-hole task with artificially introduced modeling errors in the MS mode.
Fig. 19. Peg-in-hole task without artificially introduced modeling errors in the FJ mode.
in Figs. 15 and 17. This task is performed smoothly. The procedure for
this task is as follows.
• 0–25 s: The peg is moved to the right to come above the hole in
free space.
• 25–50 s: The peg is inserted into the hole.
• 50–75 s: The operator exerts a force of  5 N in the z to confirm
that the peg is inserted.
• 75–100 s: The peg is pulled up.
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TABLE II
VISUAL INFORMATION USED DURING PEG-IN-HOLE TASK
• 100 s: The peg is moved to the end point in free space.
In Experiment 2-2, the operator is aware of the presence of arti-
ficially introduced modeling errors in the virtual model but does not
know the amplitude, the type, and the number of modeling errors in-
troduced. Therefore, the operator has to teleoperate carefully.
• 0–15 s: The peg is moved right above the hole in the virtual world.
• 15–25 s: The peg of the virtual arm is inserted a little into the
virtual TB. However, as the force of the slave arm is generated
in the z direction, the operator notices that the slave arm cannot
insert the peg in the hole.
• 25–45 s: The operator starts searching for the hole in the real
world. fm=krmsa which is the second term on the right-hand side
of (9) is used for this purpose. When the virtual peg is inserted a
little into the hole of the virtual TB, the operator inputs the x and
y forces and controls the wire-frame model, shown in Fig. 4, for
the hole search. During this time, the virtual and the master arms
hardly move. During the search, the z direction force of the slave
arm is quite high. If the slave arm can reach the hole and insert
the peg in it, this force will go to zero. Therefore, the operator
keeps on searching, monitoring only the z direction force. This
situation is shown in Fig. 18.
• 45 s: The operator discovers the spot where the z direction force
becomes equal to zero and decides that this might be the position
of the hole.
• 45–65 s: The operator inserts the virtual peg into the virtual hole.
At the same time, the wire-frame model also moves to get into
the hole, maintaining its position where the hole was discovered,
and the operator inserts the slave peg into the real hole.
• 65–85 s: In order to confirm the complete peg insertion, the op-
erator exerts a force on the peg larger than 5 N.
• 85–125 s: The peg is pulled out.
• 125 s: The peg is moved to the end point in free space.
The peg-in-hole task could be performed very easily in Experiment
2-1. Although the operation became quite complicated in Experiment
2-2, the operator could carry out the task successfully without gener-
ating large disturbing forces. From these results, we can confirm the
effectiveness and robustness against modeling errors of our teleopera-
tion system for the peg-in-hole task.
We will discuss now the operability of the MS and FJ modes.
Table II gives the number of times the operator used visual
information and his/her information acquisition time (in seconds)
for both modes. According to Figs. 17 and 19, the profiles of
both the virtual arm’s position and the slave arm’s position are
coincident in both modes. However, the operator input force in
the FJ mode is smaller than the one used in the MS mode. The
reason for this is that the operator inputs a small force to ensure
the force is not too large, since the experiment in the FJ mode is
executed before the one in the MS mode. Therefore, we can say
that the difference in the operability of the MS and FJ modes is not
apparent from Figs. 17 and 19. According to Table II, information
3 is used only a few times, since it is not necessary to keep
Fig. 20. Overall contact force of the slave arm for the z direction in the
peg-in-hole task.
Fig. 21. Motions and force in the peg-in-hole task.
a constant force. In contrast, information 5 is used many times
to check the very large force in the real motion. The number of
times the operator acquired information is larger in the FJ mode
than in the MS mode. The reason for this is also that the operator
inputs a small force to ensure the force is not too large, since the
experiment in the FJ mode is executed before the one in the MS
mode. Therefore, it can be concluded that the difference in the
operability of the MS and FJ modes is not apparent from Table II,
as well. We speculate that these differences are generated by the
fact that the first experiment is performed in the FJ mode and
the second one in the MS mode for the operator to execute the
peg-in-hole task using the real space robot.
In order to compare the generated forces developed by the slave arm
in the z direction, the overall absolute values in all the peg-in-hole ex-
periments are shown in Fig. 20. These values are very similar in both
modes.
We describe now the motion and the force directions of both the
master and the slave arms in the peg-in-hole task. Fig. 21 shows the
direction of motion of the slave arm and the input force direction. The
approach to the hole is a free-space motion. Therefore, no significant
differences appear in the twomodes. During peg insertion, the direction
of motion of the slave arm and the input force direction are the same.
For this reason, the operator can easily adjust the input force direction
along the hole surface, whether he/she obtains the motion information
of the slave arm from the master arm or not. Therefore, we conclude
that no significant differences appear among these modes, even in this
process.
From these results, we can conclude that there is almost no difference
between the MS and FJ modes for the tasks in which the direction of
motion of the slave arm is the same as that of the input force.
V. CONCLUSIONS
In this paper, we introduced a new control method that modified
our model-based teleoperation system against the time delay, and this
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method was applied to the ETS-VII manipulator teleoperation in orbit.
A compact haptic interface was used as a master device in our ETS-VII
robot arm teleoperation experiments.
We performed surface-tracking and peg-in-hole tasks with and
without artificially introduced modeling errors with a real manipulator
in orbit with the communication time delay. The surface-tracking
task was carried out safely with and without artificially introduced
modeling errors. The peg-in-hole task could also be carried out suc-
cessfully, though the operation with artificially introduced modeling
errors became very complicated.
These results confirm that our new teleoperation system can be ap-
plied easily to real space robotics, and that this system does have some
level of robustness against modeling errors and of stable against time
delay.
Moreover, we performed the surface-tracking and the peg-in-hole
tasks in order to evaluate the operability of the MS and FJ modes
without artificially introduced modeling errors in the model-based tele-
operation.We used both themotion and force information from all arms
for this evaluation. We also used the visual information acquired by
the operator for this evaluation. According to our results, the MS mode
appears to be the best control approach for contact tasks requiring dif-
ferent directions between the motion and the force of the slave arm, as
in the surface-tracking task. Moreover, the MS and FJ modes are both
suitable for tasks requiring the same directions for the motion and the
force of the slave arm, as in the peg-in-hole task.
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